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Effects of high and low protein diets on sheep renal function
and metabolism. Ewes were fed high protein (14% protein) and
low protein (4.9% protein) diets. Renal concentrating ability,
the fractional excretion of urea and methylurea.'4C during anti-
diuresis, glomerular filtration rate, renal plasma flow, Tm
glucose and Tm p-aminohippuric acid were greater in the high
protein than the low protein state. Activities of ornithine trans-
carbamylase, arginase, and arginine synthetase (medulla), and
glutamic oxaloacetic transaminase (cortex and medulla) were
higher in the high protein than the low protein state. No differ-
ence was found in glucose-6-phosphatase, fructose 1,6-diphospha-
tase or phosphoenolpyruvate carboxykinase activities. Acute
urea administration had no effect on concentrating ability in
the low protein or high protein animal. Clearance data and
tissue concentration profiles of sodium and urea on sheep fed a
low protein diet suggest impaired sodium reabsorption in the loop
of Henle and increased urea permeability of the terminal collec-
ting duct. It is proposed that the effects of altered dietary protein
intake on renal function are secondary to their effects on renal
intermediary metabolism.
Effets de regimes riches et pauvres en protélnes sur Ia fonction
et le métabolisme rénale du mouton. Des brebis ont été alimentées
avec des regimes riches en protéines (14% de protéines) et
pauvres en protéines (4.9 % de proteines). Le pouvoir de con-
centration du rein, l'excrétion fractionnelle de l'urée et de Ia
methylurée 14C au cours de l'antidiurCse, Ia filtration gloméru-
laire, le debit plasmatique renal, le Tm du glucose et le Tm de
l'acide para-amino hippurique étaient supérieurs au cours du
régime riche en protéines. L'activité de l'ornithine trans-
carbamylase, de l'arginase, de l'arginine synthetase (médullaire)
de la transaminase glutamo oxalo acetique (cortex et médullaire)
Ctaient supérieures au cours du régime riche en protéines. Aucune
difference n'a été trouvée pour les activités de Ia glucose 6
phosphatase, de Ia fructose 1,6 diphosphatase et de Ia phos-
phoenolpuryvate carboxykinase. L'administration aiguë d'urée
n'a eu d'effet sur Ic pouvoir de concentration ni au cours du
régime riche ni au cours du régime pauvre en protéines. En
fonction des clearances et des profils de concentrations tissu-
laires du sodium et de l'urée, une alteration de Ia reabsorption
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du sodium dans l'anse de Henle et une augmentation de Ia
perméabilité a l'urée du canal collecteur terminal au cours du
régime pauvre en protéines sont postulés. II est suggéré que les
effets d'une modification de l'ingestion de protéines sur Ia fonc-
tion rénale sont secondaires a l'action sur Ic mCtabolisme inter-
médiaire renal.
Alterations in dietary protein intake substantially affect
the function, metabolism and structure of mammalian
kidneys. There are well documented and significant changes
in renal concentrating ability [1—7], urea reabsorption
[8—19], glomerular filtration rate [20—24], renal plasma flow
[22—24], maximal rate of tubular secretion of p-amino-
hippuric acid [22, 24], activity of enzymes related to the
intermediary metabolism of amino acids and carbohydrates
[25—28], the ratio of RNA and protein to DNA [29], and
growth, weight, and tubular structure [29—35].
A capacity to respond to altered dietary protein intake is
apparently common among the mammals for at least some
of the above responses have been induced in man, dog, rat,
opossum, sheep, camel and goat.
The mechanisms underlying many of these individual
responses are debatable, conjectural or unexamined. Con-
ceivably, for each separate response there could be a
separate and unique causal mechanism. At the opposite
extreme, a single causal mechanism could underlie and
interconnect all responses. Although neither of these ex-
treme postulates may be proved correct, there is at present
little experimental evidence on which to base a judgment
regarding the interrelationship of these trophic responses.
Correlations between metabolism and function, for ex-
ample, appear to be largely unexamined. The present study
was initiated as an elementary step in the direction of
providing such experimental data.
The sheep was chosen as experimental subject for several
reasons. While maintained in a stanchion, the sheep may
be easily studied in repeated clearance-type experiments,
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and its daily dietary intake can be precisely measured. The
kidneys of sheep resemble those of man with respect to the
relative thickness of cortex and medulla [36] and this
anatomical correlation suggests that information directly
pertinent to man may be obtained from the study of the
sheep kidney. There have been reports of striking altera-
tions in renal function of sheep related to altered protein in-
take [9, 10, 12, 17]. Lastly, as a ruminant that absorbs little
or no glucose from the digestive tract, the sheep depends
on gluconeogenesis for the production of glucose [37]. The
sheep kidney plays a quantitatively important role in
gluconeogenesis, both from amino acid and nonnitrogenous
glucose precursors [38, 39] and was, therefore, expected to
show adaptive changes in metabolic activity with changes
in dietary protein intake.
Sheep were fed diets containing 14 percent protein or 4.9
percent protein. The former diet may be considered either a
normal or high protein diet and is designated high protein
(HP) in this paper. The 4.9 percent protein diet is a low
protein (LP) diet. Animals were studied when adapted to a
given diet for a period of several weeks, or during the tran-
sition from a HP to a LP state. Clearance studies pro-
vided information regarding renal concentrating ability;
urea, methylurea, sodium, potassium, and chloride excre-
tion; maximal rates of transport of glucose and p-amino-
hippuric acid (PAH); glomerular filtration rate (inulin
clearance); and renal plasma flow (PAH clearance).
Animals were studied during antidiuresis (defined here as
the spontaneous production of urine after 24 to 36 hours
of water deprivation with or without exogenous vasopressin
administration) and during osmotic diuresis (defined here
as the production of urine during administration of exogenous
mannitol or urea). The effect of starvation (5 days without
ration) on LP sheep was examined. The intrarenal concen-
tration profiles of urea, sodium and potassium, and activi-
ties of several enzymes in renal cortex and medulla were
also measured.
Methods
Experimental animals and diet. Twenty-three Columbia-
Suffolk crossbred, range-raised ewes were studied in 89 acute
experiments. Of these experiments, 40 were performed on
19 sheep in a steady HP dietary state, 38 were on 14 sheep
in a steady LP dietary state, and three were on three sheep
which had all food removed for five days subsequent to a
period of LP feeding (starvation experiments). In eight ex-
periments, designated transition experiments, three sheep
were studied first in one experiment while in the HP state,
and then during the first 14 days after a LP diet was
substituted for the HP diet. A steady dietary state indicates
that an animal was fed for more than 14 days on a diet
before experimentation.
The HP diet consisted of dried alfalfa in pellet form. It
contained 89.5% dry matter, 2.24% nitrogen on a dry
matter basis and a calculated protein content of 14%. The
LP diet was a pelleted mixture containing almond hulls
(59%), starch (4.5%), rice straw (25%), molasses (10%),
trace mineral salt mixture (0.5%), and dicalcium phosphate
(1 %). It consisted of 85.5% dry matter, 0.78% nitrogen on
a dry matter basis and a calculated protein content of
4.9%. All sheep were maintained indoors in a temperature-
controlled room with 12 hours of light and 12 hours of
dark per day; they received water ad libitum, except when
thirsted prior to an experiment, and were always provided
with a block of sodium chloride. Sheep body weights
were 32 to 64 kg.
Experimental procedure: General. The experimental pro-
cedure used on all sheep has been previously described in
detail [40]. In brief, sheep were maintained in stanchions
over prolonged periods and periodically studied with-
out anesthesia in acute experiments. Each experiment in-
volved timed free flow collections of bladder urine through
an indwelling Foley retention catheter, sampling of blood
at the midpoint of urine collection periods from an in-
dwelling catheter in one jugular vein, and administration
of parenteral fluids through an indwelling catheter in the
contralateral jugular vein. Jugular vein catheters of silastic
tubing were chronically placed and remained patent and
usable for up to four months. Each experiment commonly
was begun between 8:00 and 10:00 AM. Prior to most experi-
ments, animals were deprived of water for 24 to 36 hours.
Vasopressin (Pitressin, Parke-Davis) was given at four
dosage levels: (a) no vasopressin was given; (b) a constant
infusion of 0.1 mU/mm kg body wt; (c) a constant
infusion of approximately 0.4 mU/mm .kg body wt
(preceded by a priming injection of 0 to 13 mU/kg body
wt); (d) a constant infusion of 1.0 mU/mm kg body wt
(preceded by a priming injection of 16 to 32 mU/kg
body wt). Inulin was administered in 76 experiments as a
priming injection followed by a constant infusion sufficient
to provide a steady plasma inulin concentration in the range
125 to 275 tg/ml. Glomerular filtration rate (GFR) was
estimated from the clearance of inulin. Aseptic technique
was used throughout all experiments and all parenteral solu-
tions were made with sterile fluid. At the termination of
each acute experiment, antibiotics were administered as
previously described [40].
Antidiuretic periods or antidiuresis refer to initial urine
collection periods in experiments in which the animals
were thirsted with or without vasopressin administration.
Diuretic periods or diuresis refer to urine collection peri-
ods during which urea or mannitol was infused. Duration
of antidiuretic periods was commonly 20 mm each; diuretic
periods were 5 to 15 mm each, depending on the rate
of urine flow. During diuresis, sufficient time was allowed
after initiating infusion of an osmotic diuretic to attain a
stable urine flow before beginning diuretic collection
periods.
Specific experimental procedures: Diuretic experiments.
Two types of experiments were performed in which either
urea or mannitol was administered as an osmotic diuretic.
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One type followed a protocol previously described [40].
After antidiuretic periods, either mannitol or urea was
infused to produce, in two or three stages, a progressive
diuresis with an ultimate urine flow in excess of
10 mI/mm. In the second type, antidiuretic periods were
followed by a diuresis produced by infusion of either urea
or mannitol, the final level of diuresis providing urine rates
of flow ranging from values only 50% greater than those in
the antidiuretic period to values no higher than 5 mI/mm.
In six diuretic experiments, methylurea-'4C (specific activity,
30 tCi/mg) was added to the infused inulin to provide 0.02
i.tCi/min. No unlabeled methylurea was added to the labeled
tracer in these experiments.
Small to moderate increases in urine flow were produced
by infusion of the following representative solutions:
a) 0.4 M urea at 0.25 and 1.5 mI/mm, b) 0.1 M urea at
0.5 mI/mm and c) 0.8 NI mannitol at 2.4 mI/mm. Larger
increases in urine flow were produced by infusion of
the following representative solutions: d) 1.2 M urea at
7 mI/mm, e) 0.6 M urea at 25 mI/mm, f) 0.45 M urea at
45 mI/mm, g) 0.8 NI mannitol at 7.5 mI/mm, h) 0.4 M
mannitol at 25 mI/mm and i) 0.3 NI mannitol at 45 mI/mm.
In all of the above solutions (a through 1), sodium chloride
was present at a concentration of 0.9 g/100 ml. Thirty-five
diuretic experiments were performed in all: 23 on 8 HP
sheep and 12 on 9 LP sheep. Data from 12 of the HP ex-
periments (on sheep 1 through 3) were previously report-
ed [40—42].
Antidiuretic experiments. Eight experiments were per-
formed on five LP sheep which were thirsted for 24 to 42
hours and given no vasopressin; urine was collected during
antidiuretic periods of up to 360 mm total duration.
Tm glucose, the maximal rate of glucose reabsorbtion,
was measured in one HP and one LP experiment on each
of 3 sheep. After control collection periods, glucose
(10 g/100 ml) was infused at 5, 10 and 15 mI/mm to obtain
three relatively steady, progressively elevated levels of
plasma glucose. No vasopressin was given.
Tm PAH. The experimental procedure has been previously
reported [43] and involved measurement of the rate of PAH
secretion at two or three progressively elevated levels of
plasma PAH. Calculation of the PAH bound to plasma
proteins was made in each experiment by the method
described by Smith et al [44]. Five HP and three LP sheep
were studied. Results from the experiments on the HP sheep
were previously reported [43].
Transition experiments, HP to LP state. Three sheep
were studied, each in one experiment, while maintained
on the HP diet. Then, beginning three days after the
HP experiment, the LP diet was substituted and experi-
ments were performed on the 2nd, 6th and 10th day (sheep
4); 3rd, 7th and 11th day (sheep 5) and 4th and 12th
days (sheep 6) after changing to the LP diet. Each ex-
periment included antidiuretic periods and low mannitol
diuretic periods. Vasopressin dosage level c was given.
Renal tissue concentration profiles for urea, sodium and
potassium. Five HP sheep and five LP sheep were studied.
In each dietary group, three sheep were antidiuretic, one
underwent a low-level mannitol diuresis, and one under-
went a high-level mannitol diuresis. Vasopressin was given
at dosage levels a and b. In these HP and LP experi-
ments, PAH was infused to provide steady plasma levels
of less than 50 ig per ml. The effective renal plasma flow
was estimated from the clearance of PAH measured in
these experiments, and, for brevity, will be referred to
as renal plasma flow.
At the termination of the last of three consecutive collec-
tion periods, 900 mg of sodium pentobarbital was rapidly
injected intravenously to produce anesthesia. A right flank
incision was made and the right renal pedicle clamped;
the right kidney and pedicle were then removed and im-
mediately immersed in a mixture of dry ice and acetone
to freeze. The kidney entered the freezing mixture in less
than 1.5 mm after pentobarbital administration. After
removal of the right kidney, the left kidneys were then re-
moved and chilled in ice for subsequent enzyme analysis.
The renal tissue concentrations of urea, sodium and
potassium were determined in frozen kidneys following
a procedure modified from that of Goldberg, Wojtczak
and Rarnirez [45]. Two transverse sections, each approxi-
mately 3 to 5 mm thick, were cut from the frozen kidney
with a bandsaw, and these sections were kept frozen until
dissected into the pieces shown in Fig. 1: cortex, outer
medulla 1 (outer zone of the outer medulla), outer medulla 2
(inner zone of the outer medulla), inner medulla 1, and
inner medulla 2 (papillary crest). Each piece was weighed,
dried under vacuum while frozen, reweighed, and the
water content thereby determined. Pieces from one
slice were placed in 5 ml of concentrated nitric acid and
allowed to digest completely. The resulting solutions were
diluted to a final volume of 10 ml with water and analyzed
for sodium and potassium concentrations. Pieces from the
second slice were homogenized in 3 to 5 ml of distilled
water, and the homogenate was then immediately treated
with zinc sulphate-sodium hydroxide to precipitate proteins
Fig. 1. Outline of transverse section of sheep kidney showing
regions of kidney selected for measurement of urea, sodium and
potassium concentrations
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prior to analysis for urea and ammonia concentrations [46].
Tissue concentrations are reported in terms of jiM urea or
pEq sodium or potassium/g tissue water.
Enzyme analyses. Left kidneys, removed from the five
HP and the five LP sheep described above (tissue profile
studies), were chilled in ice until separated into cortex and
medulla prior to the estimation of enzyme activity. Tissue
from each region was subdivided into four portions for
homogenization at 0 to 4 °C. One portion was homogeni-
zed in 0.1 M citrate buffer, pH 6.5, for the estimation of
glucose-6-phosphatase [47]. Other portions were homoge-
nized in either 10 volumes of 0.14 M KCI, distilled water, or
0.1 % cetyltrimethylammonium bromide (CTAB). The latter
three homogenates were centrifuged at 20,000 x g for 30 mm
and the resulting supernatant solution used for the estima-
tion of fructose 1 ,6-diphosphatase [48], glutamic pyruvic
transaminase [49], glutamic oxaloacetic transaminase [49]
and serine dehydratase using both D,L-serine and L-serine
[50]. The difference in activity between the D,L-serine and
the activity of the L-Serine dehydratase was considered to
be due to D-amino acid oxidase for reasons previously
reported [50]. The supernatant solution from the distilled
water homogenate was used for the estimation of onithine
transcarbamylase, arginine synthetase and arginase [52].
All activities are reported as units/g of tissue with one U
being defined as the activity needed for the conversion of
one i.mole of substrate or the production of one j.imole
of product/mm under assay conditions. In all cases, the ac-
tivities measured follow zero order kinetics up to three
times the greatest activity reported in this study.
Other analytical methods. Osmolality was determined
using a freezing-point osmometer. Inulin concentration
was determined by either the diphenylamine method after
alkaline digestion [53] or the anthrone method of Fuhr,
Kaczmarczyk and KrUttgen [54]. When glucose was ad-
ministered, inulin concentration was determined by use of
the anthrone method of White, Samson and Kan [55],
including predigestion with baker's yeast. Sodium and
potassium were measured with a flame photometer (Instru-
mentation Laboratories, model 143) using a lithium internal
standard. Urea was measured by the catalyzed indophenol
method following precipitation of proteins in plasma and
tissue homogenates [46]. Methylurea-14C was measured
in a liquid scintillation spectrometer as previously de-
scribed [40]. Chloride was determined by electrometric
titration with a chloridometer (Buchler-Cotlove). Glucose
was measured using a glucose oxidase method following
treatment of urine with diatomaceous earth to remove
interfering substances [56]. Plasma protein was determined
using a biuret method with bovine serum albumin standards.
PAH was measured by the method of Bratton and Marshall
as described by Smith [57].
Results
Plasma concentrations and diet. Table 1 gives the plasma
concentrations of urea, sodium, potassium, chloride and
protein for all HP, LP and LP-starvation experiments in
which these data were collected.
Renal concentrating ability. Fig. 2 shows values for urine
osmolality (Uosm) plotted against urine solute excretion
rate (UosmV) for individual clearance periods during anti-
diuresis and diuresis. During antidiuresis, urine osmolality
in HP sheep was greater than in LP sheep, with little over-
lap of individual clearance data despite a large range of
variation in each group (Fig. 2,1). In the HP sheep, there
was no apparent difference in urine osmolality at elevated
solute excretion rates between urea and mannitol diuresis
(Fig. 2B). The irregular line surrounding the majority of
the HP urea and mannitol data (Fig. 2B) is transposed
to Fig. 2 C, which shows urine osmolality in LP sheep
during urea and mannitol diuresis. Over the range of solute
Table 1. Concentrations in plasma of urea, sodium, potassium, chloride and protein during antidiuresisa
Diet Urea
pM/mi
Sodium
j,Eq/ml
Potassium
pEq/mi
Chloride
uEq/mi
Protein
g/100 ml
High protein 9.79± 2.29(24)
14 sheep
146.4± 3.5
(22)
15 sheep
3.60±0.36
(22)
15 sheep
110.4± 2
(3)
3 sheep
7.68± 0.19
(6)
6 sheep
Low protein 1.58 0.61
(38)
18 sheep
148.5 3.6
(33)
18 sheep
4.05 0.41
(33)
18 sheep
110.0 2.2
(7)
3 sheep
7.20± 0.11
(6)
6 sheep
Low protein-starvation 4.91 2.04
(3)
3 sheep
147.4 1.2
(3)
3 sheep
3.70 0.13
(3)
3 sheep
—
6.83 0.10
(2)
2 sheep
P valuesb
HP-LP
LP-(LP-starvation)
<0.001
<0.001
<0.001
<0.01
<0.001
<0.001
(<0.30) NS
—
<0.001
<0.05
a Values are mean so; (N of experiments).
b Significance of difference in means, : test.
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Fig. 2. Urine osmolality in individual clearance periods plotted as
a function of solute excretion rate. A: Antidiuretic periods in HP
and LP animals. B: HP animals infused with mannitol and urea.
C: LP animals infused with mannitol and urea, with the ir-
regular shape transposed from B. D: Antidiuretic periods in LP-
starvation animals.
excretion examined, there appears to be no significant
difference between urine osmolality during urea and during
mannitol diuresis in the LP sheep (Fig. 2 C). Production of
a low-level solute diuresis with urea (low rates of solute
excretion) results in urine osmolality not significantly differ-
ent from that during antidiuresis in the LP sheep (compare
Fig. 2 C with Fig. 2A). Urine osmolality was higher in the
HP than the LP sheep during diuresis with either mannitol
or urea at all but the highest rates of solute excretion (com-
pare Fig. 2B with Fig. 2 C). Starvation of LP sheep result-
ed in urine osmolality values within the range of the LP
group (compare Fig. 2D with Fig. 2,1).
It therefore appears that the LP sheep has a lower capa-
city to produce an osmotically concentrated urine than the
HP sheep. This defect in concentrating ability is manifest
during antidiuresis and during low and high levels of
diuresis with mannitol and urea. Administration of urea fails
to repair this defect in concentrating ability in these sheep.
Starvation of LP sheep appears to have no effect on con-
centrating ability during antidiuresis.
An alternate mode of evaluating renal concentrating
ability is to compare negative free water clearance (T20)
at elevated rates of osmolar clearance (Cosm). This was done
for urea diuresis and mannitol diuresis in two sheep fed
HP and LP diets (Fig. 3). During either urea or mannitol
diuresis, T20 was higher in the HP than the LP state.
B No effect of vasopressin dosage on either urine osmolality
or T20 was found and no distinction between vasopressin
dosage levels is made in Fig. 2.
Table 2 shows a comparison of urine osmolality, urine
urea concentration, and the concentration of urine nonurea
solute from selected pairs of clearance periods during anti-
diuresis in individual sheep fed HP and LP diets. The
periods are paired to obtain equal or virtually equal rates
of solute excretion. In all sheep the urine osmolality and
urine urea concentration were higher in the HP than the
LP states. There was an increase in urine nonurea solute
in all but one sheep. With the exception of this animal
(sheep 23), the increase in urine osmolality was greater than
the increase in urine urea concentration by 200 to
785 j.Losm/g of H20. Thus, an increase in urine urea con-
centration could account for only 47 to 81 percent of the
increase in urine osmolality in these experiments. This
contrasts with the finding of Levinsky and Berliner [3]
that, in dogs, a fall in urine urea concentration accounted
for between 80 and 95 percent of the fall in urine osmolality
associated with a change from a HP to LP diet. In sheep 23,
it should be noted that urine osmolality during the HP
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Fig. 3. Effect of protein intake on negative free-water clearance
in sheep infused with mannitol (above) and urea (below).
Sheep renal function 193
Table 2. Effect of high and low protein diets on osmolality, urea concentration and nonurea solute concentration of urine in anti-
diuretic sheep
Sheep UosmV
Auosm/min kg
HP LP
Uo
posm/
HP
sm
gJ10
LP
Uurea
fiM/mi
HP LP
Unusa
posm/g H20
HP LP
AUosmb
4uosm/g H20
4Uurea"
4uM/ml
AUnusb
uosm/g H20
4 31 3! 2331 839 780 73 1551 766 1492 707 785
5 41 43 2154 855 899 44 1255 811 1299 855 411
6 44 42 2170 857 639 16 1531 841 1313 623 690
24 19 17 1974 871 907 6 1067 865 1103 901 202
23 19 20 1472 1092 666 7 806 1085 380 659 —279
a Unus= Uosm— Uurea.
b 4 refers to HP-LP values.
state was among the lowest values observed in all HP
sheep during antidiuresis. This may indicate an abnormal
depression of concentrating ability in the HP experiment
of sheep 23.
Glomerular filtration rate, renal plasma flow, and filtration
fraction. Mean values for glomerular filtration rate and
renal plasma flow were higher in the HP than the LP ani-
mals. Filtration fraction did not seem to differ between
the two states (Tables 3 and 4). Glomerular filtration
rate appeared to be higher when elevated dosages of
vasopressin were given (Table 3). Renal plasma flow was
only measured in the five HP and the five LP experiments
in which renal tissue concentration and enzyme activity
were measured.
When glomerular filtration rate was examined during
individual clearance periods in each sheep, it commonly
varied during the course of single experiments by 10 to
15% from the mean of that experiment. Furthermore,
despite differences in mean glomerular filtration rate be-
tween HP and LP states, there were numerous examples of
sheep in which individual clearance period values of
Table 3. Glomerular filtration rate (GFR) a
Diet GFR mi/mm kg body weight
All values Vasopressin dosage level mU/mm kg
of body weight
0-0.1 0.4 1.0
High protein 2.21 0.50 2.01 0.38 2.45 0.51 —
(HP) (36)b
19 sheep
(20) (16)
14 sheep 7 sheep
Low protein 1.53±0.48 1.26±0.30 1.90±0.43 1.59±0.27
(LP) (32)
13 sheep
(17) (8) (7)
10 sheep 5 sheep 3 sheep
Low protein- 1.19± 0.36 1.19± 0.36 — —
starvation (3)
3 sheep
(3)
3 sheep
a Significance of difference in means (t test). P< 0.001 values
were found for the following comparisons: all HP versus all
LP, all LP versus all starvation, all HP versus all starvation,
HP-vasopressin 0—0.1 versus HP-vasopressin 0.4, LP-vaso-
pressin 0—0.! versus LP-vasopressin 0.4, LP-vasopressin 0.4
versus LP-vasopressin 1.0 and LP-vasopressin 0—0.1 versus
LP vasopressin 1.0.
b Values are mean SD (N of experiments). N of sheep stu-
died in each group indicated below mean.
Table 4. Urine flow, glomerular filtration rate, renal plasma flow, and filtration fraction in individual high protein and low protein
experiments
Diuretic state
High protein (HP) Low protem (LP)
Sheep Urine Glomerular Renal Filtration Sheep Urine Glomerular Renal Filtration
flowa filtrationa plasma fraction flowa filtration plasma fraction
flow a rate a flow a
Antidiuretic 13 0.0146 2.36 15.05 0.158 12 0.0284 0.809 5.27 0.154
Antidiuretic 16 0.0234 2.24 9.78 0.235 14 0.0285 1.82 11.2 0.162
Antidiuretic 21 0.0119 1.52 9.49 0.16 20 0.0176 0.731 b b
Low mannitol 17 0.107 2.20 16.7 0.132 15 0.195 1.90 13.0 0.146
diuresis
High mannitol 19 0.249 2.32 17.9 0.131 18 0.387 1.40 8.44 0.167
diuresis
mean SD 2.l3±0.3l'- l3.78±3.Sld 0.163±0.037 1.33±0.49° 9.48±2.92° 0.157±0.005
(N of experiments) (5) (5) (5) (5) (4) (4)
a Individual values are in mI/mm kg of body wt.
b No PAH data were obtained in this experiment.
° For glomerular filtration rate, HP mean was significantly greater than LP mean (P<0.005).
° For renal plasma flow, HP mean was not significantly greater than LP mean (P<0.20).
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glomerular filtration rate during the LP state were equal
to values in the HP state.
Urea and methylurea. Table 1 presents mean values for
plasma urea concentration and shows a large and consistent
difference between HP and LP animals. Mean urea ex-
cretion during antidiuresis was 10.58 3.87SD ijmoles/minkg
body wt in HP sheep and 0.217±0.197 SD in LP sheep,
both groups receiving either no vasopressin or
0.1 mU/mm kg body wt.
The fraction of filtered urea which is excreted, the frac-
tional urea excretion, equals U/P urea/U/P inulin. This
is shown, according to convention, as a function of the
reciprocal of the fractional water excretion (U/P inulin)
(Figs. 4—6). The parallel lines in Figs. 4—6 are taken from
our previous study [41] and include 97% of all data from
nine experiments on three HP sheep (sheep 1 through 3)
studied during antidiuresis and urea, mannitol and me-
thylurea diuresis. The fractional urea excretion in LP sheep
diverged downward from that of the HP sheep at U/P
inulin levels of 25 and higher, reaching values as low as
0.1 to 0.05 at U/P inulin levels of 75 to 150 (Fig. 4). These
results obtained from sheep receiving no vasopressin or
vasopressin at 0.1 mU/mm kg body wt confirm previous
results in sheep first reported by Schmidt-Nielsen and
Osaki [9].
In both the HP and LP sheep, there was no apparent
effect on fractional urea excretion produced by administra-
tion of urea or mannitol other than the effect of these
osmotic diuretics on urine flow and, hence, on U/P inulin.
In the starvation experiments, in which three sheep
previously fed the LP diet were deprived of all ration for
five days, the fractional urea excretion was substantially
elevated above LP values and, in two sheep, fell almost
completely within the HP range (Fig. 5).
The relation of fractional urea excretion to the plasma
concentration and the filtered load of urea is illustrated
with data taken from three experiments on sheep 24
5 10 50 100 500
(Fig. 6). In the HP and LP experiments, initial antidiuretic
periods were followed by graded urea administration.
Elevation of plasma urea concentration and, hence, the
filtered load of urea, led to increased urine flow and
lowered U/P inulin ratios and to a shift of data points to
higher levels of fractional urea excretion. The change in
fractional urea excretion was especially pronounced in the
LP sheep. Comparison of the LP with the LP-starvation
data shows that elevation of plasma urea concentration
in the LP experiment to levels greater than those in the LP-
starvation experiment failed to increase the LP fractional
urea excretion to the level of that in the LP-starvation
experiment despite the attendant decrease in the U/P inulin
ratio. The mean and range of glomerular filtration rate in
these three experiments were: HP, 2.06 (1.00 to 2.81)
5 10 50 100
U/P inulin
Fig. 6. Fractional urea excretion from three experiments on
sheep 24. Symbols differentiate HP, LP and LP-starvation ex-
periments. In the HP and LP experiments, antidiuretic periods
were followed by a three-stage infusion of urea. Plasma urea
concentrations (pM/mi) corresponding to data on fractional urea
excretion are shown by numerals in the figure.
£ LP-starvation
-1.0
£
as
-0.4
-0.2
U/P inulin
Fig. 5. Fractional urea excretion in LP sheep deprived of food
for five days (starvation experiments). Irregular shape transposed
from Fig. 4.
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Fig. 4. Fractional urea excretion in HP andLP sheep given either
no vasopressin or 0.1 mU/mm kg of body wt. See text for ex-
planation of parallel lines.
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mi/mm kg body wt; LP, 1.20 (1.04 to 1.35) mI/mm kg
body wt; and LP-starvation, 1.29 (0.92 to 1.99) mI/mm kg
body wt.
The results obtained during urea administration in sheep
24 are representative of those obtained in two other sheep
in which HP, LP and LP-starvation experiments were
done. Overall, the data for fractional urea excretion show
that the fractional excretion of urea was dependent on
the fractional excretion of water and the dietary state
(LP, HP or LP-starvation). The effect of elevating the
plasma urea concentration and the filtered urea load on
fractional urea excretion was identical with the effect
of elevating plasma mannitol concentration and can be
attributed to the elevation of fractional water excretion.
Thus, these results clearly provide confirmation for the
conclusions of Schmidt-Nielsen et al [101 regarding the
independence of fractional urea reabsorption and plasma
urea concentration. An effect of starvation on fractional
urea excretion does not appear to have been previously
examined.
A marked similarity between methylurea and urea excre-
tion in sheep, dogs and rats fed normal or high pro-
tein diets has been previously shown [41, 58—60]. In these
three species, the fractional excretion of methylurea,
like that of urea, increases as the fractional excretion
of water increases. In the dog, fractional methylurea
excretion is not dependent on the plasma concentration
or filtered load of methylurea [58]. In three sheep studied
on LP and HP diets and given methylurea-'4C, the frac-
tional excretion of methylurea-14C was lower in the LP
than the HP state (Fig. 7, top). The ratio of the fractional
excretion of methylurea-14C to the fractional excretion
of urea is the same in the LP and HP states (Fig. 7, bottom).
Thus, a change in dietary protein intake appears to have
identical effects on the tubular reabsorption of methyl-
urea and urea. Results suggesting a similar relationship
in the rat fed HP and LP diets have recently been reported
by Danielson and Schmidt-Nielsen [61].
Maximal rate of tubular transport of p-aminohippuric acid
(Tm FAH). When results from 7 experiments on 5 HP
sheep were compared with results from 6 experiments on 3
LP sheep, it was found that mean Tm PAH, expressed as
mg/mm kg body wt, was significantly greater in the HP
(2.15 SD) than the LP state (1.29±0,28 SD). Com-
parisons of Tm PAH between HP and LP states in individual
sheep (sheep 2, 9 and 12) show Tm PAH was always higher
in the HP state, the difference ranging from 1.67 to 0.12
mg/mm . kg body wt. It is noteworthy that the smallest
difference was found in sheep 9, which, for undetermined
reasons, ate its HP ration irregularly and in subnormal
quantities during the week immediately preceding the HP
PAH experiment.
When the ratios of Tm PAH/GFR for the HP and LP
states are compared, the HP values exceed those for the LP
state with the exception of those for sheep 9. The mean
Tm PAH/GFR ratio is greater in the HP (1.15 SD)
U/P inulin
Fig. 7. Fractional methylurea-14C excretion (above) and ratio of
fractional methylurea-14C excretion to fractional urea excretion
(below). Each shaped symbol represents a different sheep; open
symbols are HP experiments, closed symbols are LP experiments.
than the LP (0.8 18 0.22 SD) state but the difference be-
tween these means is not significant.
Maximum rates of tubular transport of glucose (Tm glu-
cose). Tm glucose was measured in one HP and one LP
experiment in each of three sheep (Fig. 8). A clearly defin-
able Tm glucose was obtained in two sheep (sheep 23 and
24) but was not identifiable in sheep 25 in which a large
scatter of T glucose values (LP experiment) and continuous
increases in T glucose with increased filtered glucose load
(HP experiment) were observed (Fig. 8).
For each pair of experiments, glucose reabsorption was
higher in the HP than the LP state when the filtered load
of glucose exceeded 5 mg/mm kg body wt. The values
for Tm glucose (in mg/mm kg body wt) were 6.12 (HP)
and 3.64 (LP) for sheep 23, and 5.19 (HP) and 3.38 (LP) for
sheep 24. Little or no difference was found for the ratio
Tm glucose/GFR when comparing HP and LP states, the
values for the ratio being 2.77 (HP) and 2.36 (LP) for sheep
23, and 2.76 (HP) and 2.75 (LP) for sheep 24.
Sodium, potassium and chloride: Antidiuresis. During
antidiuresis both absolute and fractional sodium excretion
were significantly greater in LP than HP sheep. Adminis-
tration of vasopressin (0.4 and 1.0 mU/mm . kg body wt)
led to significantly increased sodium excretion in both
the LP and HP sheep (Table 5). A comparison of potas-
sium excretion in antidiuretic sheep given no vasopressin
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or 0.1 mU/mm 'kg body wt shows a greater excretion of
8 Sheep 23 potassium in the HP than the LP sheep. The difference
is small but significant. Administration of a higher vaso-
6 — / pressin dosage was associated with increased potassium/ 0 excretion in the LP, but not the HP sheep (Table 5). Chlo-
—
,/ • : • ride excretion was measured only in sheep receiving
2 — / • vasopressin in a dosage of 1.0 mU/mm kg of body wt.
Mean values SD for chloride excretion (jiEqjmin' kg
I body wt) were 7.65± 1.15 (3 HP experiments), and 10.8±
Sheep 24 4.2 (7 LP experiments). Corresponding mean fractional8 —
chloride excretion was 0.039 0.004 (HP) and 0.066
6 — 0.024 (LP).0 0 p e Sodium and potassium: Osmotic diuresis. Results from
'I — / •• . • HP and LP sheep studied during urea or mannitol
2 — diuresis were similar in all major respects to results
previously obtained from sheep fed HP diets [42]. In both
c I LP and HP sheep fractional excretion of sodium increased
Sheep 25 as fractional water excretion increased. At a given level of
8 — / 0 U/P inulin within the U/P inulin range 5 to 50, the fractional
6 — / e sodium excretion was 0.03 to 0.06 greater in the LP than/° the HP sheep. In some sheep fractional potassium excre-
— /' • . tion increased with increases in fractional water excretion./7 This is demonstrated by results from one HP experiment2 on sheep 24. During antidiuresis, U/P inulin was 180 and7 I I I fractional potassium excretion was 0.68. During urea
5 10 15 20 diujesis, U/P inulin was 22 and fractional potassium excre-
Glucose filtered (CIN P0), mg/mm . kg tion was 1.5. This type of response was not consistently
found. In some experiments fractional potassium excretionFig. S. Relation of glucose reabsorbed (Tglucose) to glucose
filtered in experiments on three sheep. Open symbols indicate was either unchanged or decreased slightly as fractional
HP state; closed symbols indicate LP state, water excretion increased. No difference in fractional
Table 5. Sodium and potassium excretion during antidiuresis
High protein Low protein
Vasopressin Glomerular Sodium Fractional Potassium Fractional Glomerular Sodium Fractional Potassium Fractional
dosage filtration excretion sodium excretion potassium filtration excretion sodium excretion potassium
levela rate
mi/mm kg
pEq/
mm kg
excretion 4uEq/
mm kg
excretion rate
mI/mitt kg
pEq/
mitt kg
excretion pEq/
mm kg
excretion
0—0.1 2.06
(11)
8 sheep
0.836
(11)
8 sheep
0.00188
(11)
8 sheep
5.36
(11)
8 sheep
0.733
(11)
8 sheep
1.12
(12)
7 sheep
5.63
(17)
10 sheep
0.035
(12)
7 sheep
3.33
(17)
10 sheep
0.748
(12)
7 sheep
0.4 2.27
0.75
(11)
7 sheep
4.91
1.84
(11)
7 sheep
0.0172
0.010
(11)
7 sheep
5.88
2.06
(11)
7 sheep
0.746
0.159
(11)
7 sheep
1.72
0.37
(7)
4 sheep
13.7
5.9
(9)
5 sheep
0.058
0.034
(7)
4 sheep
5.34
1.77
(9)
5 sheep
0,951
0.323
(7)
4 sheep
1.0 b b b b b 1.46
0.29
(7)
3 sheep
13.0
5.0
(7)
3 sheep
0.063
0.022
(7)
3 sheep
3.60
1.22
(7)
3 sheep
0.685
0.252
(7)
3 sheep
Mean of all 2.17 3.00 0.00989 5.64 0.740 1.35 9.20 0.0480 3.93 0.784
vasopressin ±0.61 ±2.59 ±0.0109 ±2.12 ±0.212 ±0.41 ±5.77 ±0.0271 ±1.68 ±0.314
levels 15 sheep 15 sheep 15 sheep 15 sheep 15 sheep 14 sheep 18 sheep 14 sheep 18 sheep 14 sheep
Vasopressin dosage in mU/mitt ' kg body wt.
b No high protein data were obtained at this dosage level.
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Fig. 9. Changes in food intake, body weight, plasma urea concentration and mu/in clearance (GFR) in three sheep during the transition
from a HP to a LP dietary state.
potassium excretion referable to dietary state, vasopressin
dosage or osmotic diuretic could be ascertained during
osmotic diuresis.
Transition experiments: HP to LP state. Figs. 9 through
12 present summary data from experiments on three sheep
(sheep 4, 5 and 6) during the transition from a HP to a LP
state. After at least 30 days on the HP diet, the sheep were
then fed the LP diet for up to 14 days. These are designat-
ed as days 1 through 14 in Fig. 9. Experiments carried out
during the HP and LP feeding periods each included anti-
diuretic and low mannitol diuretic periods.
1000—
The body weights of sheep 5 and 6 remained unchanged
on the LP diet, whereas the body weight of sheep 4 dropped.
This sheep refused its portion of the LP ration for a period
of 7 to 8 days. In sheep 5 and 6, the plasma urea concentra-
tion dropped within 6 days to the typical LP level. In
sheep 4, plasma urea concentration remained elevated
50 100 500
U/P inulin
I 2 3 4 5 6 78 91011 121314
Protein diet High Low High Low High Low
1 2 3 4 5 6 7 891011121314
Sheep 4
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Solute excretion rate, uosm/min .kg
Fig. 10. Changes in urine osmolality during antidiuresis and low
mannitol diuresis in three sheep during transition from a HP to a
LP dietary state. Lines connect antidiuretic and diuretic values.
Numbers after LP indicate days on LP diet.
0
10
Fig. 11. Changes in fractional urea excretion during antidiuresis
and low mannitol diuresis in three sheep during transition from a
HP to a LP dietary state. Inserted legend relates symbol to
dietary intake.
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during the period without food intake, an effect presumably
related to tissue protein catabolism (Fig. 9).
In sheep 5, glomerular filtration rate (inulin clearance,
Fig. 9) dropped throughout the entire course of the transi-
tion experiments to 64% of the HP control value. In
sheep 6, glomerular filtration rate atypically remained
relatively constant. In sheep 4, glomerular filtration rate
increased during the period of ration refusal and then
decreased to 74% of the HP control value (Fig. 9).
Fig. 10 shows that urine osmolality in all three sheep
decreased in an essentially similar fashion when the HP
diet was replaced by the LP diet. Although the most pro-
nounced changes occurred within the first four days on
the LP ration, a complete shift to the LP state was not
reached until days 10 through 12.
Figs. 11 and 12 show fractional urea excretion and
fractional methylurea-14C excretion for these experiments.
In sheep 5 and 6, a steady progression from the HP state
to the LP state occurred. By 3 to 4 days after beginning
the LP diet, a substantial drop in fractional excretion of
both urea and methylurea had occurred. Values character-
istic of the LP state were not found until days 10 to 11.
(Data from one LP experiment on sheep 5 were not ob-
tamed due to technical problems with the inulin determina-
tion.) Sheep 4, in contrast to sheep 5 and 6, showed
little or no decline in fractional urea or methylurea-'4C
excretion.
In summary, the transition in concentrating ability and
fractional excretion of urea and methylurea-14C occurred
with approximately the same time course, about 10 to 12
days, when the sheep voluntarily maintained an adequate
caloric intake. The transition in concentrating ability
and in fractional urea excretion was not consistently
followed by changes in glomerular filtration rate, which
were less regular. This suggests that a change in glomerular
filtration rate is not an obligatory correlate of changes in
renal concentrating ability or of tubular urea or methylurea
transport. Lastly, when a sheep ate no LP ration, the
transition in renal concentrating ability occurred without a
change in plasma urea concentration or a substantial
change in urea reabsorption. This suggests that the mecha-
nisms regulating renal concentrating ability and urea trans-
port were not tightly linked.
Renal tissue concentration profiles for urea, sodium and
potassium. Figs. 13 and 14 and Table 6 present results of
analyses of kidneys from 10 sheep. Table 6 also includes
pertinent urine and plasma data obtained in the clearance
period immediately preceding kidney removal. Our results
from antidiuretic sheep directly confirm those of Schmidt-
Nielsen and O'Dell [12].
Urea. In the HP sheep, the concentration of urea in the
tissue water increased progressively from cortex to inner
medulla 2 (papillary crest) (Fig. 13). The concentration of
urea in the urine was always greater than in the inner me-
dulla. Osmotic diuresis reduced the magnitude of the cor-
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Fig. 12. Changes in fractional excretion of methylurea-14C during
antidiuresis and low mannitol diuresis in three sheep during transi-
tion from a HP to a LP dietary state. See Fig. 11 for identification
of symbols.
Inner Urine
medulla medulla medulla medulla
1 2 1 2
Fig. 13. Renal tissue concentration profiles of urea and urine urea
concentration in HP andLP sheep. Note that scale of concentra-
tions differ for each group. Inserted numbers indicate individual
sheep studied. Sheep 17, 19, 15 and 18 were undergoing a
mannitol diuresis.
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Fig. 14. Renal tissue concentration profiles of sodium and urine
sodium concentration in HP and LP sheep. Inserted numbers
indicate individual sheep studied.
tico-medullary gradient (given by the ratio of 1M2/cortex
in Table 6), and the urine-to-papilla ratios. In the LP
sheep, a markedly different profile for urea was found.
The concentration of urea in the tissue water increased
progressively from cortex to inner medulla 1 and then
decreased in inner medulla 2. The urea concentration in the
urine was always lower than in inner medulla 1 and in
inner medulla 2. Mannitol osmotic diuresis led to a reduc-
tion in the cortico-medullary gradient and in the urine-to-
papilla gradient but did not alter the pattern seen in the
antidiuretic LP sheep. The absolute magnitude of the
medullary tissue urea concentration was approximately 5
to 8 times greater in the HP antidiuretic than the LP anti-
diuretic sheep.
Sodium. In both the antidiuretic HP and LP sheep there
was a progressive increase in the tissue sodium con-
centration from cortex to inner medulla 2 (Fig. 14). The
inner medulla 2 sodium concentration was approximately
equal in the HP and LP sheep. In the antidiuretic HP sheep,
the urine concentration of sodium was substantially less
than that of the papilla (about 400 LLEq/ml); whereas, in
the antidiuretic LP sheep, the urine sodium concentration
was approximately equal or only slightly less (about 150
j.tEq/ml) than the papilla.
Osmotic diuresis with mannitol led to a reduction in the
cortico-medullary sodium gradient such that the sodium
concentration in inner medulla 2 was either approximately
equal to (HP sheep) or slightly less (LP sheep) than that in
inner medulla 1.
A consistent difference between HP and LP sheep was
noted in the cortex sodium concentration. Cortex sodium
was lower in the HP sheep and higher in the LP sheep. The
HP range was 88 to 101 and the LP range was 108 to 127
LLEq/g of H2O.
Potassium (Table 6). Tissue potassium concentrations
in antidiuretic LP and HP sheep varied between 50 and
75 iEq/g of H20 (cortex), 40 and 60 Eq/g of H20 (outer
medulla) and 35 and 70 iiEq/g of H20 (inner medulla). No
distinct cortico-medullary gradient or difference between
HP or LP sheep was found. Mannitol osmotic diuresis in
both LP and HP sheep led to a drop in the potassium
concentration in outer medulla 1 and 2 and inner medulla
I and 2 to the range of 20 to 30 jEq/g of H2O.
Renal enzyme activities. Mean values of enzyme activities
in the cortex and medulla of HP 5 and 5 LP sheep are
given in Table 7. Glucose 6-phosphatase, fructose 1,6-
diphosphatase and phosphoenolpyruvate carboxykinase
activities were substantially higher in cortex than in me-
dulla but there were no differences in either cortex or me-
dulla between HP and LP sheep. Activities of glutamic
pyruvic transaminase and L-serine dehydratase were low
in both cortex and medulla and showed no substantial
difference between HP and LP sheep. The cortical D,L-serine
dehydratase activity is probably referable to a D-amino
acid oxidase, which in vertebrates is largely restricted to the
kidney [62]. Glutamic oxaloacetic transaminase activity
in both cortex and medulla was higher in the HP than LP
sheep. The three enzymes of the urea cycle (ornithine trans-
carbamylase, arginase, and arginine synthetase) were lo-
cated primarily in the medulla rather than the cortex.
For all three enzymes, activities were higher in the HP
than LP sheep.
Although the differences in mean values cited above and
in Table 7 were large, the small group of animals studied
showed considerable individual variation in enzyme activ-
ities, and no statistically significant difference in the means
was found. One contributing factor to the observed varia-
tion was a variation in absolute magnitude of activities
found when assays were performed on different days. It
was noted, however, that the differences between HP and
LP means cited above were always paralleled by differ-
ences in activities between individual HP and LP sheep
kidneys assayed on a given day.
Discussion
Renal concentrating ability. The defect in renal concen-
trating ability found in the LP sheep may be attributed
to either a reduction in the osmotic concentration of
the renal medullary interstitial fluid or to a decrease
in the osmotic filtration coefficient (Lp) of the collecting
ducts and a resulting failure of collecting duct fluid to reach
a state of approximate osmotic equilibrium with the
medullary interstitial fluid. Evidence that the latter possi-
bility is not applicable comes from a comparison of
medullary tissue solute concentration with urine osmolality
in the three antidiuretic LP sheep. The sum of 2 x
(Na + K) + (urea) in papillary tissue (inner medulla 2)
was 3 to 12% less than the urine osmolality. If it
is assumed that urea, sodium, potassium and their
Inner I Inner Ur e
medulla medulla medulla medulla in
1 2 1 2
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Table 6. Renal tissue urea, sodium and potassium gradients
D tie Trca men SheepN
U
— OsmaP
UosmVa
,osm,
mm kg
U
— lnullna_P
pa
tM/m!
Urea
u a
pM/rn!
cortex a
plasma
1M2
cortex
urine a
1M2
High protein Antidiuresis
Antidiuresis
Antidiuresis
Low mannitol diuresis
High mannitol diuresis
13
16
21
17
19
6.19
5.09
5.05
2.61
1.81
36
35
17
96
160
160
104
129
19.7
8.9
9.7
11.7
16.1
8.9
9.6
737
814
977
127
64
2.15
2.05
1.75
1.28
0.94
19.9
20.8
14.7
7.98
3.69
1.82
1.67
2.35
1.40
1.92
Low protein Antidiuresis
Antidiuresis
Antidiuresis
Low mannitol diuresis
High mannitol diuresis
12
14
20
15
18
2.69
3.03
4.12
1.86
1.31
20
25
20
142
199
30.9
70.0
61.4
9.0
3.3
0.69
1.22
0.65
1.62
0.80
5.9
12.4
1.7
9.5
2.0
3.45
2.30
11.6
1.14
2.05
9.19
19.2
3.22
5.84
2.30
0.27
0.23
0.07
0.88
0.53
a Urine and plasma values were obtained in the urine collection period immediately preceding removal of kidney.
Table 7. Renal enzyme activities
Enzyme
Co
High
protein
rtex
Low
protein
Me
High
protein
dulla
Low
protein
Glucose-6-phosphatase 15.3 12.9 1.07 1.50
Fructose 1,6- 2.72 2.70 0.12 0.17
diphosphatase
Phosphoenolpyruvate 1.49 1.08 0.03 0.04
carboxykinase
Ornithine trans- 0.18 0.04 2.18 0.65
carbamylase
Arginase 2.13 0.77 19.7 8.22
Arginine synthetase 0.06 0.01 0.41 0.14
Glutamic oxaloacetic 14.2 8.73 13.0 7.12
transaminase
Glutamic pyruvic 0.32 0.26 0.07 0.06
transaminase
D,L-serine dehydratase 0.86 0.32 0.09 0.07
L-serine dehydratase 0.23 0.13 0.09 0.10
a All activities reported are mean values in units/gram tissue,
with one U being defined as the activity needed for the
conversion of one iimole of substrate or production of one
i.tmole of product/mm under the assay conditions.
associated anions account for most of the osmotically
active solute in the renal medulla, then this finding indicates
an approximate osmotic equilibrium was attained between
collecting duct fluid and interstitial fluid.
A difference in the osmotic concentration of medullary
interstitial fluid could be due to a difference in the medul-
lary accumulation of sodium chloride or of urea. Since the
presentation by Berliner, Levinsky, Davidson and Eden of
an hypothesis for an effect of urea on renal concentrating
ability, the enhancement of concentrating ability referable
to a high protein dietary intake in man, dog and rat has
been attributed primarily to an elevated urea accumulation
in the renal medulla. [See 3 and 63—65 for the hypothesis
and for summaries of the substantial evidence that medul-
lary urea accumulation affects renal concentrating ability.]
However, Levinsky and Berliner noted that in dogs an
elevated urea accumulation could account for up to only
80% of the elevated urine osmolality referable to feeding
a HP diet [3]. Results of studies by Schmidt-Nielsen and
Robinson support this finding [7]. Manitius, Pigeon and
Epstein recognized that other factors, presumably an
elevated medullary sodium accumulation, must be invoked
to explain the entire effect of dietary protein intake on
concentrating ability in dogs [5].
The defect in concentrating ability during antidiuresis
observed LP sheep in this study cannot be attributed
primarily to altered medullary urea accumulation in light
of the following considerations. In the antidiuretic HP
sheep, the urine osmolality was typically 1,000 to
1,500 iosm/g of H20 greater than in the LP sheep. The
urine urea concentration was correspondingly 700 to
1,000 j.Losm/g of H20 greater than in the LP sheep. In the
antidiuretic HP sheep, the papillary (inner medulla 2) tissue
concentration of urea was 50% of the urine urea concentra-
tion. This suggests that the concentration of urea in the
medullary interstitial fluid was less than 50% of the urine
urea concentration since the mean tissue concentration
includes the urine compartment with its high urea concen-
tration and other compartments with lower urea concentra-
tion. In the LP sheep, tissue analyses indicate an opposite re-
lationship and suggest that the medullary interstitial fluid
urea concentration was as great or greater than the urine urea
concentration. Taking the results of measurements on sheep
5 (Table 2) as representative of the changes between the
HP and LP antidiuretic state, one finds in the HP state,
Uosm=2,154 and Uurea=899, and in the LP state,
Uosm =855 and Uurea =44, a difference of 1,299 josm/g
of H20 and 855 tM/ml in osmolality and urea concentra-
tions, respectively, comparing HP to LP urine. From the
considerations just stated, one would expect the medullary
interstitial fluid urea concentration to be (0.5) (899) =
499 jiM/g of H20 in the HP sheep (a maximum value)
and 44 jiM/g of H20 in the LP sheep (a minimum
and related plasma and urine values
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Sodium Potassium
pa Ua cortexa 1M2 urinea U/P sodiuma pa ua cortexa 1M2 urinea U/P potassiuma
uEq/ml 4uEq/ml plasma cortex 1M2 U/P inulin zEq/ml 4uEq/ml plasma cortex 1M2 U/P inulin
153 90 0.66 3.79 0.24 0.0036 3.4 483 15.9 0.75 11.8 0.89
144 18 0.67 4.06 0.045 0.0011 2.9 369 21.6 0.73 8.1 1.21
151 2 0.59 3.88 0.006 0.0001 3.7 335 24.5 0.82 5.7 0.69
148 141 0.53 2.94 0.61 0.048 3.2 82 13.9 0.96 1.91 1.30
143 114 0.62 1.94 0.68 0.089 3.0 24 15.4 0.71 0.72 0.89
149 308 0.85 2.51 0.96 0.067 4.0 130 18.0 0.71 2.54 1.05
142 283 0.75 3.79 0.78 0.028 4.1 230 12.6 0.94 0.21 0.80
150 381 0.75 4.09 0.83 0.041 5.2 252 14.6 0.94 3.54 0.78
142 172 0.76 1.45 1.10 0.133 3.7 41 13.4 0.43 1.92 1.22
139 132 0.92 0.64 1.59 0.286 4.4 22 7.9 0.50 1.25 1.52
value). Thus, of the net change in the urine osmolality
(1,299 tosm/g of H20), at the most approximately
449—44 =405 Ltosm/g of H20 could be referable to an
increase in medullary urea concentration.
Large differences in the sodium chloride concentration
of the medullary interstitial fluid remain as the sole major
explanation for the observed differences in urine osmolality
between antidiuretic HP and LP sheep. Direct measurement
of the medullary interstitial fluid sodium concentration has
yet to be made, the nearest approximation being measure-
ments of vasa recta plasma sodium concentration. It is
known that sodium is unequally distributed in the medullary
tissuefluidcompartments. The sodium concentration is prob-
ably lowest in intracellular fluid and in tubular fluid in the
ascending limb of the loop of Henle, higher in vasa recta
plasma and interstitial fluid, and highly variable in collect-
ing duct tubular fluid. The fraction of total medullary
tissue water contributed by each of these compartments is
probably subject to physiological variation and has not
been determined. Therefore, estimates of medullary inter-
stitial fluid sodium concentration from measurements of
medullary tissue are subject to multiple sources of error.
Results of tissue analyses show similar sodium concen-
trations in the papilla (inner medulla 2) of the three HP
sheep and the three LP antidiuretic sheep studied. However,
the sodium concentration is approximately nine times
higher in the urine, and presumably in the collecting duct
fluid, of the LP than the HP sheep. Therefore, the mean
sodium concentration in the fluid compartments of the
medulla exclusive of the collecting duct is greater in the
HP than the LP sheep. It seems a reasonable supposition
that the interstitial fluid sodium concentration would
reflect these compartments and is, indeed, higher in the
HP than the LP papilla despite our inability to make
a numerical estimation of interstitial fluid sodium con-
centration.
Several factors could have caused a reduction of inter-
stitial fluid sodium concentration in the LP sheep:
a reduced delivery of sodium to the ascending limb of
the loop of Henle; a reduced capacity to reabsorb sodium
in the ascending limb; increased medullary blood flow in
the vasa recta; an increased net water entry into the
medulla from the collecting ducts relative to the capacity
of the loop to transport sodium; and, possibly, a shift of
glomerular filtrate from long looped nephrons, which
contribute importantly to medullary sodium accumulation,
to short looped nephrons whose loops are primarily
located in the cortex and outer medulla.
Our present data provide little aid in distinguishing
among these factors. It is of interest that a depressed
capacity to reabsorb sodium in the ascending limb of the
loop of Henle would result in an elevated sodium con-
centration of tubular fluid in the ascending limb of the
loop and early distal tubule. The mean cortical tissue
sodium concentration will depend primarily on the sodium
concentration in plasma, in proximal tubular fluid, in
tubular cell water, and in distal tubular fluid. Sodium
concentration in the former two compartments is thought
to be invariant during antidiuresis. Though unmeasured,
tubular cell sodium concentration is also likely to be in-
variant. Changes in mean cortex tissue sodium concentra-
tion would, therefore, reflect changes in distal fluid sodium
concentration. Our results show the cortex sodium con-
centration to be lower in the HP than the LP sheep. This
finding is consonant with and supports the conclusion that
there is an intrinsic reduction in sodium reabsorption
by the cells of the ascending limb of the loop of Henle in
the LP sheep.
That the HP and LP sheep were in sodium balance during
the respective steady dietary states is suggested by the
constancy of body weight during the prolonged periods of
each dietary regimen. The finding that absolute sodium
excretion is higher in the LP than the HP sheep could re-
flect a primary increase in dietary intake of sodium in
the LP sheep due to a higher sodium content of the LP
ration or a change in sodium appetite. Alternatively, it
could reflect a primary impairment of the ability to reab-
sorb sodium in some nephron segment which was com-
pensated for by a secondary increase in sodium intake.
The latter would be consonant with the proposed reduced
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capacity of the loop of Henle to reabsorb sodium in the
LP sheep.
In men and dogs fed LP diets, acute administration of
urea produces an acute elevation of urine osmolality [31.
In dogs and rats fed HP diets, urine osmolality is higher
during a urea diuresis than during diuresis produced by
infusion of mannitol or many other solutes [64, 66, 67].
This effect is largely attributable to the medullary accumu-
lation of urea. In man, acute urea administration fails to
enhance concentrating capacity when urine flow rate ex-
ceeds 2 mI/mm [68].
The results of this and an earlier study [40] show that,
in the sheep fed either a LP or HP diet, whether anti-
diuretic or undergoing an osmotic diuresis, there is no
elevation in urine osmolality referable to acute urea ad-
ministration. Possible explanations for this lack of an effect
of urea in the HP sheep have previously been offered (40]
and may apply to the LP sheep as well. It is intriguing
to note that renal function of man resembles that of the
sheep more than it does that of the dog or rat with re-
spect to an absence of an effect of urea on renal concen-
trating ability during diuresis.
Urea transport. The fractional reabsorption of urea at
low urine flow rates is greatly increased by feeding diets
low in protein to several species of mammals (8, 9, 11,
13, 14]. Results of micropuncture studies point to the col-
lecting duct as the locus of the increased fractional urea
reabsorption [15, 16, 19]. The extent to which either passive
or active transport is responsible for net urea reabsorption
in collecting ducts of dogs, rats, or sheep fed LP diets is
at present undetermined. Unlike the proximal and distal
tubules, where urea reabsorption appears to be entirely due
to passive transport [19, 69, 70], the collecting duct pos-
sesses the capacity to reabsorb urea against a concentration
gradient. Urine-to-papilla urea concentration ratios less
than unity have been interpreted as evidence of uphill urea
transport [12, 14, 45, 71]. Micropuncture studies have
provided more direct evidence of uphill transport and
suggest a greater magnitude of uphill urea transport in the
LP than the HP rat [72, 16]. The permeability of the rat
collecting duct to urea is the same in the LP and the HP
rat [16].
Thus, the increased fractional urea reabsorption of
the animal fed a LP diet may depend on the active reab-
sorption of urea in the collecting duct. Our present results
do not exclude this possibility, but they are more readily
interpreted on the basis of an increased permeability to
urea of the terminal portions of the collecting duct of LP
sheep.
We found that the fractional reabsorption of urea in the
U/P inulin range of 50 to 150 was highly dependent on the
fractional water reabsorption. This would be expected
if urea reabsorption was dependent on passive transport
secondary to water reabsorption. The fractional reabsorp-
tion of urea was apparently independent of the 'plasma
urea concentration or the amount of urea filtered since no
difference between values obtained during mannitol and
urea diuresis was found. This, too, would be expected if
the urea reabsorption were passive. If urea reabsorption
were by active transport, then, by analogy to other organic
molecules which are actively transported in the renal
tubule, a limit to the rate of transport would be expected
when the plasma concentration was increased. The absence
of such saturation kinetics in the present study does not
exclude the presence of a urea carrier, for the load delivered
to the collecting ducts may have been too low to produce
saturation of a urea carrier system.
The finding that methylurea-14C fractional excretion
varied in the same manner in the LP and HP sheep as urea
fractional excretion could be interpreted either as evidence
of a common carrier for urea and methylurea or as a
common effect of increased permeability of some segment
of the nephron for both molecules.
Thus, although an increased permeability to urea ap-
pears to be a more likely cause of the increased fractional
urea reabsorption in the LP sheep, a contribution of active
urea transport to the increased reabsorption cannot be
excluded on the basis of the present clearance studies.
In the sheep fed a HP diet, there is an ascending con-
centration gradient of urea from cortex to papilla (1M2).
This urea gradient may be attributed to an increasing
concentration of urea within the collecting ducts, which
presumably results from the reabsorption of a greater frac-
tion of the tubular fluid than of the urea present in this
fluid. The urine-to-papilla concentration ratio greatly ex-
ceeding unity supports the presence of downhill reabsorp-
tion of urea from the collecting duct to surrounding tissue.
In the LP sheep, the urea profiles we observed were
similar to those found by Schmidt-Nielsen and O'Dell [12].
The ascending concentration gradient from cortex to
inner medulla I followed by a sharp decline in urea con-
centration from inner medulla 1 to inner medulla 2 and the
finding that the urine urea concentration is less than
that in inner medulla 2 (papilla) are open to alternative ex-
planations.
Measurement of the urea concentration in the wedge-
shaped papilla tends to weight the basal portion of the
papilla to a far greater extent than the apical portion. With
a descending gradient in this region of the medulla, it is
possible that the actual tissue concentration of urea at the
apex of the papilla is indeed less than that of the urine. In
that event, there would be no direct basis for proposing
active urea reabsorption from the collecting ducts in the
LP sheep. Rather, the induction of a greatly increased
permeability of the terminal portions of the collecting duct
to urea in the LP sheep could be invoked to explain the
sharp decline in tissue urea concentration from inner me-
dulla I towards the papilla tip and to explain the greatly
increased fractional reabsorption of urea in the LP sheep.
An increase in permeability in this terminal segment of the
collecting duct, in the presence of a maintained high TF/P
urea concentration ratio up to this point, would result in
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a large net reabsorption of urea. This would reduce sharply
the concentration of urea within the collecting duct fluid.
If the vasa recta acted as a poor countercurrent exchanger
in this region of the kidney, as anatomical studies suggest
is the case in other mammalian species [73], then the reab-
sorbed urea would be dissipated and would not be re-
tained in high concentration. The overall result would
be a sharp reduction in tissue urea concentration in the
papilla.
If the measured concentration gradient between papilla
and urine is representative of a similar gradient between
collecting duct and interstitial tissue, then active transport
of urea from the collecting ducts of the LP sheep is
likely to be present. Clearly, additional studies are required
to distinguish between these hypotheses.
Effect of vasopressin. In our present experiments, we
intended to administer vasopressin to all sheep at approxi-
mately 0.4 mU/mm kg body wt. By error in some
experiments, greater amounts of vasopressin were given.
When the results of these experiments were examined and
found to differ with respect to sodium excretion from earlier
studies, we discovered the inadvertent increase in vasopres-
sin administration. Experiments examining the effects of
administering lower dosages were then undertaken. We
observed significant increases in urine flow, sodium and
potassium excretion, and glomerular filtration rate in both
antidiuretic LP and HP sheep referable to elevated vaso-
pressin dosages. These effects in sheep have been described
before [74—77] though there appears to have been no
previous observations made in sheep fed diets low in
protein.
Glomerular filtration rate and renal plasma flow. In our
present experiments, both mean glomerular filtration rate
and mean renal plasma flow were higher in the HP than
the LP sheep. Glomerular filtration rate varied considerably
during the course of single experiments in both LP and HP
sheep, and in individual clearance periods in some LP ex-
periments, was equal to or greater than values measured
in HP experiments in the same sheep.
These findings suggest that glomerular filtration rate,
though probably related to the dietary protein intake, was
also affected by more transient factors during the course
of individual experiments. This is not surprising in view of
the multiple factors known to cause changes in glomerular
filtration rate. Whether the reductions in glomerular filtra-
tion rate and renal plasma flow in the LP sheep reflect
changes in intrarenal distribution of blood flow or
glomerular filtrate is of interest but is not susceptible to
inferences based on our findings. It does appear clear,
though, that the changes in renal concentrating ability and
in fractional urea reabsorption seen in the LP animals
were not obligatorily linked to concomitant reductions in
glomerular filtration rate.
Tmglucose and Tm PAH. Until recently, it was generally
accepted that Tm glucose was proportional to proximal
tubular functional mass and, although capable of change
by trophic factors, was not susceptible to acute change in
the manner that glomerular filtration rate, renal plasma
flow or electrolyte transport were. Alterations in Tm glu-
cose were accepted as evidence that alterations in proximal
tubular functional mass had occurred [23]. TmPAH,though
known to be susceptible to acute alterations related to
availability of metabolic substrates or to intracellular
energy production, was also considered to be a measure
of an inherent proximal tubular functional capacity when
the effect of these other factors was adequately controlled
[78]. More recent studies have suggested that Tm glucose
does vary acutely and that it may be a function of the
glomerular filtration rate, of proximal tubular sodium
transport, of extracellular fluid volume or of tubular
geometry [79, 80, 81]. In view of the current uncertainty
regarding the significance of changes in Tm glucose, it
would seem inappropriate to assert that the reduction in
Tm glucose or Tm PAH seen in the LP sheep is evidence
of a reduced functional proximal tubular mass, though
this interpretation may indeed be correct.
Renal enzyme activities. Glucose-6-phosphatase, fructose
1 ,6-diphosphatase, and phosphoenolpyruvate carboxyki-
nase are key enzymes in the gluconeogenic pathway. In
the sheep, as in the rat [27], the activity of these enzymes
in the renal cortex exceeds that in the medulla. This
indicates that in both species renal gluconeogenesis occurs
primarily, if not entirely, in the cortex. In the rat fed a HP
diet [27, 82] and in the fasted sheep [83] there are increases
in some or all of these enzyme activities. The observed
absence of a similar increase in the sheep fed HP diet was
not unexpected for the following reasons. Typically, a HP
diet fed rats contains 90% protein and, thus, limits the
potential sources of metabolic energy primarily to glucose
or ketoacids derived from amino acid metabolism. Al-
though the mechanisms inducing increases in renal and
hepatic gluconeogenic activity are not understood fully,
their teleological benefit is clear. The HP diet fed sheep in
this study contained 14% protein and substantial carbo-
hydrate. It would be expected that adequate ketoacids and
short chain fatty acids would be supplied by ruminal
fermentation of this ration to maintain a normal rate of
tissue oxidative metabolism for which these substances
constitute the normal substrate [37]. Presumably, the flux
of nonhexose precursors of glucose through the gluconeo-
genie pathway is high in both the LP and HP states, though
the fraction of glucose obtained from amino acid catabo-
lism would increase with the HP diet [39]. In the fasted
sheep, an increased tissue breakdown of protein, as well as
the absence of an exogenous source of ketoacids for
oxidative metabolism, provides an increased source of
amino acids for gluconeogenesis and makes the supply of
glucose and ketoacids derived from amino acids of para-
mount importance for caloric homeostasis.
The low cortical and medullary activities of glutamic
pyruvic transaminase and L-serine dehydratase and the
absence of change in these activities with altered protein
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intake suggests that, in the sheep, little or no conversion
of alanine or serine to pyruvate occurs in the kidney.
The increased cortical activity of D,L-serine dehydratase
in the HP sheep probably reflects an induced increase
in cortical D-amino acid oxidase, a response which is
also found in the liver of rats fed HP diets [84] and is
especially prominent in kidneys of germ-free mice given
D-amino acids (85].
In the rat, the hepatic cell membrane is relatively im-
permeable to glutamate and aspartate [86], whereas
glutamate and aspartate more readily permeate the renal
cell [87]. In the rat, feeding a HP diet leads to an increase
of renal glutamic oxaloacetic transaminase over levels
found with a low protein diet [271. It is, therefore, not
surprising to find in the sheep an increased activity of this
enzyme in the kidney under circumstances in which an
increased dietary protein intake would produce an elevated
plasma concentration of glutamic and aspartic acids. An
increased activity of glutamic oxaloacetic transaminase
combined with increased renal amino acid uptake would
be expected to be associated with an increased renal
ammonia production. It is of interest that in the sheep
from which the kidneys for enzyme analysis were taken, the
ammonia excretion during antidiuresis, low diuresis, and
high diuresis was, respectively, 0.028, 0.062 and 0.065 jiEq/
mm kg body wt in the HP sheep and 0.008, 0.014 and
0.05 j.Eq/min . kg body wt in the LP sheep. Since the
acid-base status of the HP and LP sheep was not in-
vestigated, it cannot be asserted whether the increased
ammonia excretion and increased glutamic oxaloacetic
transaminase activity were, in part, dependent on the
presence of acidosis.
It is of interest that the sheep, like the rat, cat, dog and
horse, shows activities of three enzymes of the urea cycle
to be located primarily in the medulla rather than the
cortex of the kidney [27 and unpublished results of B.
Szepesi, E. H. Avery and R. A. Freedland]. It has been
proposed that these enzymes play an important role in the
formation of arginine from circulating citrulline [88—90].
Net arginine production occurs in the kidney of the rat
[88—90]. If newly synthesized arginine escapes breakdown
to urea and ornithine in the kidney, it may serve as a pre-
cursor to guanidoacetic acid or be released as free plasma
arginine for uptake by other tissues and incorporation
into proteins (88]. Assuming that the HP sheep has a
greater rate of body protein synthesis and, therefore, an
associated greater requirement for arginine, it would seem
reasonable to attribute the observed increase in these three
urea cycle enzymes to an increased arginine synthetic
activity rather than an increased urea production by the
kidney.
Genera!. The mechanism(s) whereby a change in dietary
protein intake exerts a trophic influence on multiple aspects
of renal function, metabolism, and structure have received
little study. The simplest hypothesis would appear to be as
follows. An increased dietary protein intake leads to in-
creased plasma levels of amino acids. Either by a direct
effect due to increased uptake of these molecules by
kidney cells or an indirect effect due to one of several con-
trol systems, there would be an increased amino acid
metabolism within kidney cells. This metabolism would be
likely to include reactions primarily involving the amino
acids per se (transamination, deamination, etc.) and sec-
ondarily involving oxidative metabolism of or gluconeo-
genesis from the ketoacids derived from the amino acids.
This increased metabolic activity would be linked to
adaptive mechanisms which produce increased activity of
the enzymes involved in these metabolic processes. Linked
to these same adaptive mechanisms would be changes in
cell size and structure. Changes in cellular transport pro-
cesses would be linked to either the changes in specific
enzyme activities, to the general level of cellular metabo-
lism, or to cell size and structure. Alterations in renal func-
tion such as those found in the present study would result
from the changes in cellular transport processes.
Stated in these general terms, this overall scheme is open
to many interpretations and hypothetical elaborations. For
example: could the postulated increased collecting duct
permeability to urea of the low protein animals simply be a
manifestation of reduced cellular volume consequent to
reduced cellular metabolic activity [91, 92]? Could the
postulated reduction in sodium transport in the ascending
limb of the loop of Henle be related to a reduction in the
supply of metabolic energy linked to a generalized depres-
sion of cellular activity that was secondary to a reduced
substrate metabolism? Are the alterations in filtration rate
and renal plasma flow related to some chronic trophic
effect of amino acids on the resistance vessels of the sheep
kidney in a manner similar to that with which amino acids
and some nonamino acid gluconeogenic precursors appear
to acutely affect the resistance vessels of the dog kidney
(93, 94]? Are alterations in renal metabolism or in renal
transport function secondary to the altered growth hormone
or glucagon levels which may occur as responses to changes
in plasma amino acid concentration?
Alternative hypotheses, including those which envisage
the complete separation of metabolic activity from trans-
port function, are possible. However, the finding that
changes in specific enzyme activities in the renal medulla
occurred in parallel with functional changes which may have
their locus in medullary tubular structures provides some
basis for a serious consideration of the former hypothesis
or one of its many variants.
The finding that starvation led to a pronounced change
in urea reabsorption suggests that this functional pro-
cess is dependent on metabolic activity. That concentrating
ability was not altered after the five-day starvation period
may indicate that it was dependent on different metabolic
processes than urea transport. Alternatively, the two pro-
cesses may be linked to the same metabolic process but
respond with different time courses to changes in the
underlying metabolism.
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Pioneering studies of Robinson and Schmidt-Nielsen [95]
attempted without success to correlate changes in renal
medullary arginase activity with changes in urea transport.
Further studies, involving multiple enzyme systems and
multiple aspects of renal function, appear necessary to
examine the complex but likely interrelation of function,
metabolism, and structure that follow alterations in dietary
protein intake.
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